The strong nonlinear response of silicon photonic nanowire waveguides allows for the integration of nonlinear optical functions on a chip. However, the detrimental nonlinear optical absorption in silicon at telecom wavelengths limits the efficiency of many such experiments. In this review, several approaches are proposed and demonstrated to overcome this fundamental issue. By using the proposed methods, we demonstrate amongst others supercontinuum generation, frequency comb generation, a parametric optical amplifier, and a parametric optical oscillator.
Introduction
Silicon photonics is seen as a key enabling technology for the integration of highly complex optical circuits. The high index contrast allows for a high confinement and as such a small footprint for passive photonic circuits. The possibility of cointegrating fast, low-noise germanium photodetectors [1] and fast modulators [2] , all with standard CMOS technology processes, make the platform highly attractive for the integration of active photonic networks. The silicon platform is now seen as the platform for optical interconnect applications in data centers [3] .
Additionally, due to the high nonlinear response of the silicon nanophotonic waveguides, these structures attracted a significant interest from the nonlinear optics community. Indeed, in recent years, many research groups have demonstrated a large number of nonlinear optical functionalities such as supercontinuum generation [4] , wavelength conversion [5] and all-optical signal processing [6] in silicon photonic wire waveguides. They were able to do this at very modest power levels because of the high nonlinear response of the silicon nanophotonic waveguides. Both silicon's high linear and nonlinear refractive index contribute to the photonic wires' strong nonlinear response. The most important reason being that silicon has a very high nonlinear refractive index, two orders of magnitude larger than that of silica [7] . Second, the tight confinement of silicon photonic wire waveguides (mode areas < 0.1 µm 2 ) boosts the nonlinear response even further. Despite the unrivaled nonlinear response of silicon photonic wire waveguides, silicon suffers from nonlinear absorption at telecom wavelengths [8] . The latter has lessened the initial enthusiasm for using this platform for non-linear optics. However, there are a number of ways to reduce or get rid of the detrimental nonlinear absorption in the silicon waveguides. This article gives an overview of our recent work on the realization of nonlinear optical functions in silicon photonics with a focus on strategies that effectively avoid the detrimental nonlinear absorption.
The paper starts with a short introduction to nonlinear optics with an emphasis on the degenerate four wave mixing process, after which the most important results obtained in our group (through collaborative research) are discussed.
Nonlinear optics in silicon
In this article, we will focus mostly on the nonlinear response of materials caused by the nonlinear polarization of the electron cloud around the atoms. This function can be expanded in a Taylor series of the incident electric field:
It can be shown that in the bulk of a centrosymmetric material such as silicon the second order nonlinear response (the χ (2) term) is zero [9] . Despite the absence of the second order term, the third order term is very large in silicon. The strong third order term has several consequences, which will be used in this paper. The first is that the third order nonlinear response makes the refractive index intensity dependent. Second, the third order response allows for the so-called four-wave mixing process in which four optical waves interact. The intensity dependence of the refractive index provides a straightforward parameter to quantify the nonlinearity of a material [10] :
However, the nonlinearity of a waveguide is even better quantified by its nonlinear parameter γ. Its real part is given by:
The tighter the optical confinement in a waveguide, the stronger the electric field intensity in the waveguide is for given optical power. Therefore, this nonlinear parameter takes into account the effective mode area A e of the waveguide. The nonlinear parameter of silicon photonic wire waveguides and other Si-based waveguide platforms are shown in Table 1 . It is clear that silicon waveguides have a very strong nonlinear response compared to other Si-based waveguide materials systems. However, it needs to be emphasized that chalcogenide glass-based integrated platforms, albeit not CMOS compatible, show a very strong response: nonlinear parameters of up to 136 W −1 m −1 have been measured at telecom wavelengths [11] . Nonetheless, silicon is prone to strong nonlinear absorption, i.e. two-photon absorption, at telecom wavelengths. In particular, although telecom photons (~0.8 eV) cannot be absorbed under normal circumstances in silicon (silicon's bandgap is~1.1 eV), nonlinear absorption can occur at high intensities. In this case the energy of two photons is used to bring an electron into the conduction band. The process is shown in Figure 1(a) . This process also creates free carriers, which absorb light even more. The strong nonlinear absorption at telecom wavelengths, not present in materials with a larger bandgap, limits nonlinear interactions in crystalline silicon at these wavelengths. The nonlinear absorption is quantified by the imaginary part of the nonlinear parameter:
Here, α 2 is the two photon absorption coefficient (α = α 0 + α 2 I, where α is the total absorption coefficient, α 0 the linear absorption coefficient, I the intensity, and A e is the effective mode area. 
The degenerate four-wave mixing process
In the degenerate four wave-mixing process, two of the four interacting waves are degenerate. Hence, waves with only three distinct optical frequencies are involved in the [14] 11.5 0.233 0 Silica fiber [10] 2.7 10
process. In this process, energy is transferred from one wave to another. In this case, two pump photons are annihilated and a signal and idler photon are created as shown in Figure 1 (b). As is clear from the figure, no energy is lost in the process. Energy conservation is not the only condition governing the process, the momentum also needs to be conserved. The latter condition is referred to as the phase-matching condition. These two conditions, stemming from the two conservation laws, are mathematically written as [10] :
Here is Planck's constant, ωp ω i , and ωs are the pump, idler, and signal angular frequency respectively, and βp β i and βs the pump, idler, and signal propagation constant respectively. γ is the nonlinear parameter of the waveguide and P the pump power. The term 2γP for phase matching (Eq. 6) takes into account the intensity dependent refractive index and the associated nonlinear phase shifts of the respective waves. The energy conservation condition shows that the detuning of the idler to the pump and the signal to the pump have to be equal. Additionally, the second condition shows that the propagation constant of the pump has to be close to the average of the propagation constant of the idler and signal. In fact, the propagation constant at the pump frequency needs to be slightly larger than the average of the signal and idler propagation constants to realize phase matching (assuming a positive n 2 ). This condition can be satisfied in a waveguide. Indeed, in a waveguide, the dispersion-i.e., how the propagation constant β depends on the frequency ω can be tailored.
Phase matching in silicon waveguides
As discussed above, phase matching is achieved by making sure that βp = β i +βs 2 + γ Re P. To get some insight in how this can be achieved, it is instructive to expand the propagation constant as a function of the frequency in a Taylor series in the vicinity of the pump: 
Here ∆ω is the frequency detuning and β 1p , β 2p β 3p , and β 4p are the first, second, third, and fourth order dispersion taken at the pump frequency. They are, respectively, the first, second, third, and fourth derivatives of the propagation constant with respect to the frequency at the pump wavelength. For small detuning, the terms in β 3p and β 4p can be neglected such that the phase matching condition becomes
The equation has a solution when β 2p is negative (for positive γ Re ). This means that the group velocity dispersion has to be anomalous. Or, alternatively that the curvature of the function β (ω) needs to be negative at the pump wavelength. Figure 2 shows a curve β (ω) with a negative curvature at the pump wavelength such that βp = β i +βs 2 + γ Re P. The group velocity dispersion in silicon is strongly positive (normal) over a wide wavelength range (from 1.1 µm up to~5 µm). However, the strong waveguide dispersion in highly confined silicon waveguides can offset the material dispersion. Hence, the total dispersion of a silicon waveguide can be engineered by tailoring the crosssection of the waveguide and phase matching can then be achieved [15] [16] [17] .
The group velocity dispersion of a silicon waveguide as a function of wavelength can be verified using an interferometric setup [18] . As shown in Figure 3 , a broadband source is sent to an interferometer and the fringes are recorded with an optical spectrum analyzer. The arms of the interferometer are balanced such that the group delay after passing through the chip and lensed fibers is equal to the group delay in the other (partly free space) arm. A 1550 nm fixed laser together with a photodiode and a PID controller are used to keep the arms balanced. It can be shown, when the arms are balanced for a specific wavelength, that the intensity of the fringes is given by [19] I out (∆ω) =
Here, C 1 , C 2 , and C 3 are constants; lwav is the waveguide length, ∆ω is the detuning parameter, and β i are the waveguide dispersion terms. The fringe pattern is shown in Figure 4 . From the fringe pattern, by balancing the interferometer at different wavelengths, the group velocity dispersion as well as the higher order dispersion terms can be measured. In this manner the dispersion of, for example, a partially underetched waveguide, with the crosssection shown in the inset of Figure 5 was measured. Partially etching the silicon oxide below the waveguide is done through a HF dip. The idea in this case is to finetune the dispersion of the waveguide by controlling the SiO 2 etch. The group velocity dispersion of the fundamental TE mode for different etching times is also shown as a function of wavelength in Figure 5 . The silicon waveguide itself is 860 nm wide and 217 nm thick.
Phase matching with the help of higher order dispersion terms
When higher order terms of the Taylor expansion (7, 8) , i.e. up to the fourth order for simplicity, are taken into account equation (6) becomes: Fig. 3 . A balanced interferometer to measure the group velocity dispersion of a waveguide. The interferometer is stabilized with the help of a 1550 nm laser. Adapted from reference [19] .
Fig. 4.
The fringes recorded by the optical spectrum analyzer after the interferometer (red: recorded fringes; blue: fitted theoretical fringe pattern). The fringes allow to extract the dispersion profile of the waveguide. Adapted from reference [19] .
Fig. 5.
The measured group velocity dispersion for waveguides, which are partially underetched by 0 nm (dots), 55 nm (circles) and 113 nm (triangles). Adapted from reference [19] .
Assuming that the term 2γP is small and positive, the equation can have two (degenerate) real solutions, one (degenerate) real solution or zero solutions depending on the signs of β 2p and β 4p . For a small detuning ∆ω, a solution can be found when β 2p <0. This is the same solution as discussed above. When β 4p > 0, there is a second solution for larger detuning ∆ω. This situation is shown in Figure 6 :
although phase matching can occur in the vicinity of the pump, at larger detuning, when the contribution of the β 4p term to the dispersion is strong, another pair of signal and idler frequencies is found, which are phase-matched with the pump in the four-wave mixing process. When β 2p > 0, there is no detuning in the vicinity of the pump wavelength that allows for phase matching. However, when β 4p < 0 , there is still a solution for larger detuning frequencies. This situation is shown in Figure 7 . 
Suppressing two-photon absorption
As discussed above, silicon waveguide structures have great potential for the implementation of nonlinear optical functions. However, their performance can be limited by the parasitic two-photon absorption process. In the remainder of the paper, we will discuss strategies to suppress this two-photon absorption. These include the use of ultrashort pulses in the telecom wavelength band, the use of hydrogenated amorphous silicon and silicon nitride waveguide structures, and the implementation of nonlinear optical functions in crystalline silicon waveguides in the mid-infrared wavelength range.
Ultrashort pulses in the telecommunication band
By using telecom-band ultrashort pulses for nonlinear experiments, free carrier absorption is suppressed, because the carriers only accumulates over the ultrashort pulse duration; this contrasts, for example, to the continuous wave case, for which carriers accumulate over the carrier lifetime. Note, however, that even in the presence of two-photon absorption interesting and useful nonlinear optical phenomena can still be observed. One phenomenon is the supercontinuum generation process. This process allows dramatic spectral broadening of relatively narrow bandwidth source (pump) pulses [20] . This nonlinear process has been widely observed in photonic crystal fibers where the waveguide cross-sections are engineered to tailor the dispersion [21] . This has been so successful that commercial supercontinuum sources, based on photonic crystal fibers, have become widely available. These sources are used for applications such as spectroscopy [22] and optical coherence tomography [23] .
There have been demonstrations of broadband supercontinuum generation on integrated platforms as well. In a variety of waveguides, including silicon nitride waveguides [24] and chalcogenide waveguides [25] supercontinuum generation has been demonstrated. It can be shown that the widest supercontinuum spectra are generated when nonlinear waveguides are pumped at a wavelength were they have a small anomalous dispersion (for positive n 2 ) [20] . In the results discussed here, a silicon waveguide with small anomalous dispersion in the telecom band is used. The waveguide has a height of 220 nm and a width of 700 nm and is patterned on a 2 µm oxide layer on a silicon substrate. The cross-section of the waveguide is shown in Figure 8 . As can be seen on the figure, the group velocity dispersion for the fundamental TE mode, taking into account the waveguide and material dispersion is anomalous (negative) in the telecom band. The group velocity dispersion of a waveguide with a similar cross-section, but which is 750 nm wide, is also shown. It clearly demonstrates how the dispersion of a waveguide can be engineered via choice of waveguide dimensions.
In our experiment, the silicon waveguide is pumped with short (~150 fs long, 30 nm wide FWHM) pulses centered at 1565 nm (TE polarization). Even in only a 7 mm long by 750 nm wide waveguide, the pulses (input peak power of 37 W) are broadened significantly as can be seen in Figure 9a . The spectrum of the output pulses spans (using the −30 dB point) from 1160 nm up to 1700 nm. The peak around 1200 nm is believed to be the result of dispersive wave generation [20, 26] .
Moreover, the wide spectrum, obtained by proper dispersion engineering, is found to be coherent. The pulseto-pulse variations of the supercontinuum have been measured in an interferometric setup [27] shown in Figure 10 . In the setup, a pulse is temporally overlapped with the next pulse and the optical spectrum is recorded. The deep fringes shown in Figure 9b demonstrate that the pulse-topulse variations are very limited, thus that the supercontinuum generation is highly coherent. 
Noncrystalline silicon-based waveguide platforms
If one uses wider bandgap materials, two-photon absorption can be suppressed at short pump wavelengths. There have been several demonstrations of nonlinear experiments in silicon nitride integrated waveguides and hydex waveguides [14] . Most notably, frequency comb generation [27] [28] [29] [30] [31] . However, the nonlinear parameter of such waveguides is relatively small. It is two orders of magnitude smaller than the value found in crystalline silicon (see Table 1 ). Fig. 9 . Coherent supercontinuum generation in a silicon waveguide using fs pulses . a) The spectrum a) and b) the fringes obtained with the interferometric setup of Figure 10 show that the supercontinuum is coherent. Adapted from reference [26] .
Fig. 10.
Interferometric setup to measure the pulse to pulse coherence of the generated supercontinuum. Adapted from reference [26] .
Hydrogenated amorphous silicon
In several groups, including our own, hydrogenated amorphous silicon (a-Si:H) has been proposed as the material of choice for nonlinear interactions at telecom wavelengths. The material properties of a-Si:H strongly depend on the deposition process of the a-Si:H layers during fabrication [32] . Hence, different groups have reported different values for the nonlinear index and the two-photon absorption coefficient for the material at telecom wavelengths. However, as shown in Table 2 , the real nonlinear response of a-Si:H waveguide structures can be very strong, with only limited two photon absorption at telecom wavelengths.
The first demonstration where the strong nonlinear response of a-Si:H has been exploited is a broadband optical parametric amplifier in the telecom wavelength band. The amplifier consisted of a 500 nm wide air-clad waveguide fabricated in a 220 nm thick a-Si:H layer. The waveguide dispersion was measured to be anomalous (−2.6 ps 2 /m) at the pump wavelength of 1535 nm [33] . The amplifier was able to amplify and convert ps signals pulses in a wavelength band ranging from~1500 nm to~1590 nm. The pulses were amplified by as much as 26.5 dB [38] . This is a more than 100-fold improvement over the best results in crystalline silicon [39] at this wavelength. In another experiment, the waveguides were also used in an all-optical signal processing experiment [33] . In this experiment, a 320 Gbit/s signal was sampled with an efficiency over 100 times stronger than could be achieved in crystalline silicon [40] . In our group, we have observed that the a-Si:H layers are photo-sensitive when using telecom-band pump pulses. As a result, the nonlinear index reduces over time, while simultaneously increased linear losses are observed [33] . The material degradation of a-Si:H is a known phenomenon in the photovoltaic community and still not fully understood [41] [42] [43] . In another experiment, we have pumped the waveguides with photon energies well below the half-bandgap of our a-Si:H layers. In this experiment, a 1 cm long 800 nm wide waveguide with a thickness of 220 nm was pumped by a mode-locked thuliumdoped fiber ps fiber laser operating at 1950 nm [44] . In those experiments, no degradation could be observed. Although more research is needed, these preliminary results indicate that two-photon absorption is likely related to the material degradation. Furthermore, it is interesting to note that in a set of experiments involving 150 fs pulses to generate a supercontinuum at telecom wavelengths [45] , no degradation could be observed. However, it also needs to be emphasized that other groups have demonstrated aSi:H waveguides, which are chemically stable at telecom wavelengths [36, 37] . These groups have shown a multitude of demonstrations of all-optical signal processing experiments in a-Si:H waveguides [36] and even as a source for photon pair generation [46, 47] . Lastly, by investigating the time-dependent response of hydrogenated amorphous silicon waveguides, it has been observed that the Kerr-like response is far from instantaneous [48] .
SiN waveguide structures for nonlinear optics in the visible/near-infrared
While SiN waveguide structures have a modest nonlinear parameter, they enable implementing nonlinear optical functions in the visible and near-infrared, where silicon is opaque. A multitude of linear and nonlinear functions in silicon nitride [14] have been demonstrated. However, most of these, such as supercontinuum generation [24] and comb generation [29, 31] , have focused on the telecom wavelength band. In addition to this work, a broadband source covering red to near-infrared wavelengths is interesting for biophotonics applications. In this wavelength, band tissue and cells have a low absorption and the scattering loss is rather limited. Such a source could be useful for bio-imaging [49] , optical coherence tomography [50] and Raman spectroscopy [51] . In fact, supercontinuum generation at these wavelengths in a silicon nitride waveguide was successfully demonstrated [52] . For this experiment, a partially underetched LPCVD Si 3 N 4 waveguide (similar as in the inset of Figure 5 ) was used. The waveguide was 500 nm wide and 300 nm high, the etch that removed the oxide below was 150 nm deep. By pumping such a 1 cm long waveguide with a Ti-Sapphire laser centered at 795 nm (FWHM 100 fs, 80 MHz repetition rate), an octave spanning supercontinuum from 488 to 978 nm (at −30 dB) was generated. Note that at this pump wavelength we do not expect any two-photon absorption in SiN.
Using pump photon energies smaller than or similar to the half bandgap energy in silicon 3.3.1 Introduction
Traditionally, the silicon photonics platform has been developed for the telecom wavelength window as applications were geared toward datacom and telecom [3, 53] . However, more recently researchers have explored other application directions for the platform. One of the most promising directions appears to be to use this technology for compact sensor chips. The availability of cheap, mass producible chips with a small form factor is attractive for many sensing applications. Several proof-of-principle sensing experiments [54, 55] have already been demonstrated using telecom wavelength light sources. However, in a sensing context, it can be beneficial to shift the wavelength range of operation to the mid-infrared wavelength window (2-20 µm). In this wavelength window, many molecules have specific absorption spectra, which can be used as a fingerprint for the molecules. As a result the mid-infrared has been coined the molecular finger print region. The optical absorption of many molecules also tends to be much stronger in the mid-infrared as compared to that at telecom wavelengths. Hence, the development of integrated sources and detectors for the midinfrared is currently an active field of research. Ideally, a mid-infrared sensing system should have a broadly tunable or broadband source and a low noise detector all operating at room temperature. These requirements are difficult to achieve, but can potentially be reached by using nonlinear optics as will be discussed below. Furthermore, by operating at lower optical frequencies with energies close to or below half the band gap of silicon two-photon absorption (and consequently free carrier absorption) is suppressed efficiently [8] .
Linear properties of silicon waveguides in the mid-infrared
The standard silicon waveguides offered by multiproject wafer services have a fixed height of 220 nm on a buried oxide layer of 2 µm. Such waveguides fail to possess good confinement when operated at long wavelengths and as a consequence the guided mode leaks into the substrate. For example, Figure 11 (a) shows the simulated substrate loss as a function of wavelength for the fundamental TE mode of a 900 nm wide waveguide. Although such a waveguide structure can be used for wavelengths up to~3000 nm, the losses become too high at longer wavelengths. Hence, a thicker waveguide layer is needed to guide longer wavelengths. The simulated substrate loss for the fundamental TE mode of a 1300 and 1500 nm wide strip waveguide etched in a 400 nm thick silicon layer is shown in Figure 11(b) . As shown in the figure, the losses remain low up to~4,000 nm. Therefore, such waveguides allow for using the whole transparency region of the SOI platform. At short wavelengths the transparency is limited by the absorption in silicon at 1100 nm and at long wavelengths by the absorption of the buried oxide at~4000 nm. Furthermore, the thick waveguides allow for more flexibility in dispersion engineering. In short, for wavelengths up to 3000 nm standard 220 nm thick device layer SOI wafers can be used, however when working at longer wavelengths thicker device layer wafers required.
A mid-infrared optical parametric amplifier
A first and clear demonstration of the strong nonlinear response of silicon waveguides in the mid-infrared is provided by the realization of a silicon mid-infrared optical parametric amplifier. At the core of the amplifier is a 900 nm wide crystalline silicon waveguide with a height of 220 nm and 2 cm length. The dispersion of the silicon nanowire waveguide is shown in Figure 12 . As shown in the figure, the group velocity dispersion is anomalous from 1810 to 2410 nm (TE polarization). We chose 2120 nm, in the middle of the anomalous region, as the pump wavelength. The pump generates a pulse train with pulses estimated to be 2 ps long. These are generated by an optical parametric oscillator (Coherent Mira-OPO, repetition rate = 76 MHz) in the experiment. The output spectrum, after passing through 2 cm waveguide, is shown in Figure 13 (a).
As can be seen in the figure, a broad spectrum is generated from~1920 nm to 2450 nm. The broad spectrum is the result of spontaneous four-wave mixing in which pairs of idler and signal photons are generated, a phenomenon sometimes referred to as modulation instability. The two peaks, one at 2411 nm and one at 1950 nm are the result of Raman gain in silicon [56] . In a following experiment, the amplifier is seeded with a CW laser. In the four-wave mixing process, the CW laser is amplified, but also converted to another wavelength. The measured amplification, taking in account the duty cycle of the pulsed source in the band 2200 nm to 2500 nm, is shown in Figure 13 (b). The amplification, when the region of the Raman Stokes frequency is probed, can reach 50 dB. Overall the amplifier showed net-gain including the insertion loss of the chip over a 550 nm band.
A mid-infrared wavelength translator
A wavelength translator allows for bridging gaps between different wavelength bands [59] [60] [61] [62] . This can be beneficial in situations where sources and detectors are more developed in one band compared to the other. Here, we show how we can translate telecom signals (generated by highperformance sources) to the mid-infrared and back. Translating mid-infrared signals to the telecom wavelength range makes it possible to detect the signals with room temperature-sensitive, low-noise, and high-speed telecom detectors, devices that are not readily available in the midinfrared [63] . It is possible (see Section 2.4) to achieve phase matching in the degenerate four-wave mixing process in a discrete band for large signal an idler detuning. However, The group velocity dispersion of the waveguide used for the mid-infrared parametric amplifier experiment as well as for the OPO experiment discussed in Section 3.3. The inset shows a crosssection of the waveguide. Adapted from reference [57] .
the sign of the second and fourth order dispersion coefficients have to be opposite for this to happen. Figure 14 shows these dispersion parameters for a 900 nm wide silicon waveguide with an air cladding fabricated in a 220 nm thick silicon layer. The second order dispersion is negative in a range from 1810 to 2410 nm while the fourth order coefficient dispersion is positive. Moreover, because the second order dispersion is negative phase-matching is also obtained in the vicinity of the pump wavelength. Since the second order and fourth order dispersion coefficients are wavelength dependent, the discrete phasematching bands are also dependent on the pump wavelength. The experimentally obtained location of the discrete bands is shown as a function of the pump wavelength in Figure 15 . In the experiments the pump (2 ps FWHM, 82 MHz) is centered at 1946 nm. The chosen pump wave- Fig. 13 . Parametric ampification in the mid-infrared using the waveguide described in Fig. 12 , pumped using ps pulses centered around 2120 nm. (a) The spectrum of the pump pulses before and after passing through a 2 cm long waveguide; (b) amplification and conversion eflciency as a function of seed wavelength. The total insertion loss of the chip is shown in blue. Adapted from reference [58] .
length allowed for phase matching between the pump and a signal and idler in a band around 1620 and 2440 nm. By converting a CW laser at 2440 nm to the telecom wavelength band, the functionality of the wavelength translator is shown in Figure 16 . When the pump power was 37 W conversion efficiencies of~20 dB were obtained. The conversion efficiency as a function of wavelength is shown in Figure 17 . Furthermore, it is also shown that telecom signals in a band around 1620 nm can be converted to the mid-IR band albeit with a lower efficiency. The latter is attributed to the higher cross-TPA between the pump and the telecom probe.
Following up on these experiments, the span over which the translator works was increased by proper op- 16 . The output spectrum after the signals (1946 nm pump pulses and a 2440 nm CW signal) have propagated through the silicon waveguide. In this case, the mid-infrared CW signal is converted to the telecom wavelength band. Adapted from reference [63] .
timization of the dispersion of the waveguide. Moreover, by using a waveguide with a positive second order dispersion and a negative fourth order dispersion phase matching in the vicinity of the pump is suppressed. As a consequence, the spontaneous four wave mixing (modulation instability) is suppressed. This reduces the noise of the translator significantly [64] . In the experiment presented here, a waveguide is etched in a 390 nm thick silicon de- vice layer. The cross-section of the waveguide is shown in the inset of Figure 18(a) . As can be seen in the figure, the waveguide is slightly over etched such that also 10 nm of silica is also removed. The dispersion of the fundamental TE mode of the waveguide is shown in Figure 18 (a). As can be seen in the figure the second order dispersion of the waveguide is positive for wavelengths shorter than 2275 nm, while at the same time the fourth-order dispersion of the waveguide is negative. As such the waveguide allows for phase-matching signal and idler frequencies with the pump wavelength in discrete bands. In the experiment, a 1 cm long waveguide is used, and the pump wavelength is swept over a narrow wavelength range. The subsequent spectral peaks of spontaneous light generation resulting from the process of modulation instability reveal the location of the phase-matched bands. The peak wavelength of these bands is shown in Figure 18 (b) as a function of pump wavelength. The experimental points agree well with the simulated curve that links the phase-matched signal and idler waves with the pump wavelength. Next, the wavelength translator is used to translate a signal from the telecom band into the mid-IR. The pump pulses are centered at 2190 nm (2 ps 76 MHz) such that a telecom signal at 1565 nm is converted to an idler wavelength at 3635 nm. For the experiment the ps pulse train is combined with a telecom CW laser in a 90/10 splitter and coupled into the fundamental TE mode of the silicon waveguide with the help of a lensed fiber. The light is coupled out of the waveguide with a chalcogenide lens. The spectrum at the output of the waveguide is characterized with an FTIR. However, due to the limited dynamic range of the FTIR, the light is first sent through a long pass filter to suppress the pump. The converted idler at 3635 nm can be seen in the output spectrum shown in Figure 19 . The translator is not only able to translate the light over more than an octave, it also allows amplification of the telecom signal. Indeed, when the output from the wavelength translator is sent to a fast telecom photodetector the telecom CW light is amplified when it is temporally overlapping with the ps pump pulses. Figure 20 shows a time trace of the telecom signal. The amplification is calculated to be 12 dB. 
Broadband light generation in a silicon chip
The process of supercontinuum generation allows one to generate a broadband signal from a narrowband source as shown above. Here, we show the generation of a supercontinuum in a silicon waveguide with a very high nonlinear parameter in the mid-infrared. The waveguide that was used is 900 nm wide and fabricated in a 220 nm thick layer of silicon. Its dispersion is shown in Figure 12 . It is anomalous at the pump wavelength of 2120 nm. Again 2 ps pulses generated by the external OPO are used as a Fig. 19 . The output spectrum of the wavelength translator when it is seeded with a CW probe at 1565 nm. A strong signal at 3635 nm can be seen above the thermal background of the detector. Adapted from reference [65] . pump. Coupling in and out of the waveguide is done with lensed fibers. The output spectrum when the waveguides are pumped with 13.7 W peak power pulses is shown in Figure 21 . The spectrum (at −30 dB) spans from 1530 nm to beyond 2500 nm.
While such a supercontinuum source is spatially coherent (all light is coupled to a single electromagnetic mode), it is not temporally coherent. A supercontinuum source, which is generated by pumping the waveguide with ps long pulses, relies primarily on the amplification of background noise through the process of modulation instability. The process is well known to destroy the coherence of the supercontinuum [10] . The pulse to pulse Fig. 21 . Supercontinuum generation in a 900 nm wide and 220 nm thick silicon waveguide. The input and output spectrum of the pulse train shows the dramatic spectral broadening of the pulses after propagating through a 2 cm long nanowire waveguide. Adapted from reference [57] .
variations are significant because the process is seeded by noise.
Coherent mid-infrared supercontinuum generation: Frequency combs
The temporal coherence of a supercontinuum can be maintained by pumping nonlinear waveguides with ultrashort pulses. The process of spectral broadening of ultrashort pulses favors the so-called soliton fission, which preserves the coherence [20] . The pulse to pulse variation is very limited. Therefore a temporally coherent supercontinuum is created. Such a coherent supercontinuum has a comblike spectrum. Such sources are of importance for the field of dual comb spectroscopy. They allow for measuring absorption spectra at very high acquisition rates and therefore allow doing real-time spectroscopy over a broad wavelength range. Expanding the available (commercial) frequency combs into the mid-infrared would be of interest for spectroscopic applications in the mid-infrared.
For our experiments, a silicon waveguide with a crosssection similar to that shown in Figure 18 , but having a width of 1600 nm, is used. The waveguide is pumped with a 100 MHz~60 fs pulse train coming from an OPO and coupled to the chip with the help of chalcogenide lenses. The output of the waveguide is coupled to a FTIR. When the waveguide is pumped with a 225 W peak power pulse train the spectrum spans from 1540 nm up to 3200 nm see Fig. 22 (at the −30 dB level) [66] . Next, the comb structure and as such the coherence of the supercontinuum is verified. For this purpose, the spectrum of the supercontinuum is combined with a narrow linewidth CW laser. The beat note of the supercontinuum and a 1586 nm laser is shown in Figure 23 . A narrow line width beat note revealed the comb structure of the spectrum. The experiment is repeated at 2418 nm and 2580 nm. Again narrow line width beat notes are obtained. Fig. 22 . An octave spanning coherent supercontinuum. The spectrum of the 60 fs long, 225 W peak power pump pulses is spectrally broadened over more than an octave in a 1 cm long, 1600 nm wide and 390 snm high, slightly overetched waveguide. Adapted from reference [66] . 
Synchronously pumped optical parametric oscillator
The broadband gain of the silicon waveguides can be exploited to make a tunable short pulse source. Here we show how a silicon-based optical parametric oscillator (OPO) can be constructed. Unlike a more traditional OPO, where a second order nonlinear crystal is used, the nonlinear element here is a χ (3) silicon waveguide. The high gain that can be obtained in such a silicon waveguide is sufficient to overcome the round-trip losses when it is placed in a cavity. Here, a 2 cm long 900 nm waveguide is used as the nonlinear gain element. The cross-section of the waveguide and the dispersion is shown in Figure 12 . In a first experiment, the single pass amplification of the waveguides is measured, using the method and pump as in the previous section. The single pass gain is shown in Figure 24 . Next, the silicon chip is placed in a cavity built with singlemode fiber. A schematic of the fiber loop around the silicon gain element is shown in the inset of Figure 24 . The round-trip loss of the loop is shown in Figure 24 in blue. The round-trip loss is relatively high, primarily because of the high in and out-coupling losses of the chip, but also as a result of the substantial loss of the delay line. Despite the high losses, there are broad regions were the single pass gain overcomes the linear round trip losses. In these regions oscillation is possible. Experimentally, this is verified and the output pulses of the silicon based OPO are shown in the inset of Figure 25 . Broadband tuning is obtained by exploiting the high dispersion of the singlemode fiber in the mid-infrared. The delay-line is changed such that the round-trip time of the cavity is matched with the pulse repetition rate for a particular idler wavelength. The output power as a function of the wavelength is shown in Figure 25 . Interestingly, due to the favorable nonlinear properties of hydrogenated amorphous silicon also widely tunable OPOs have been demonstrated using a-Si:H [67] . 
Non-Kerr nonlinearities in silicon
Several researchers have tried to incorporate second order nonlinearities in silicon waveguides. To achieve this goal, the inversion symmetry in the silicon crystal has to be broken. The most efficient approach involves the straining of the silicon waveguides, e.g. with a strained silicon nitride overlay. As such a silicon pockets effect modulator [69] and second harmonic generation [70] has been demonstrated in a silicon waveguide. Another approach for enhancing the nonlinear response of silicon waveguides is by making use of the strong photon-phonon coupling that can be achieved in these waveguides using stimulated Brillouin scattering. Recently, the strong coupling of the photons in a silicon waveguide with the phonons in a siliconnitride membrane has been observed [71] . In our group, we have expanded this concept and demonstrated ultrastrong coupling of photons and phonons in the same silicon nanophotonic waveguide [72] . Although these nonlinear interactions are narrow band (several tens of MHz), they can be relatively strong. As such net-optical CW gain can be achieved in silicon waveguides [73] . Furthermore, the narrow bandwidth can be interesting for microwave photonics applications [74] .
Conclusions
The silicon-on-insulator platform is a very promising platform for integrating nonlinear optical functions. The high refractive index of silicon combined with the high confinement of silicon waveguides allows for a large nonlinear parameter. Furthermore, the strong confinement enables broadband dispersion engineering. As such, a number of devices, for which efficient nonlinear four-wave mixing was enabled by phase matching, have been demonstrated. In this paper, we have shown parametric amplification, parametric oscillation, and supercontinuum generation in silicon waveguides. Despite the strong nonlinear absorption at telecom wavelengths, efficient nonlinear functions in the telecom window can be achieved by moving towards silicon-like platforms such as hydrogenated amorphous silicon and silicon nitride, which have a wider bandgap or by using ultrashort pulses. In crystalline silicon, the best results are achieved when one uses pump photons with an energy close or smaller than the half bandgap of silicon. The results obtained by using long wavelength pumps are useful in a sensing context, where one prefers to work at longer wavelengths as the absorption of many molecules is much stronger there as compared to the telecom wavelength window. The nonlinear interactions in silicon allow meeting the demand of delivering widely tunable or broadband sources in this wavelength window.
